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Abstract. The ongoing oceanic uptake of anthropogenic
carbon dioxide (CO2) is signiﬁcantly altering the carbon-
ate chemistry of seawater, a phenomenon referred to as
ocean acidiﬁcation. Experimental manipulations have been
increasingly used to gauge how continued ocean acidiﬁca-
tion will potentially impact marine ecosystems and their as-
sociated biogeochemical cycles in the future; however, re-
sults amongst studies, particularly when performed on nat-
ural communities, are highly variable, which may reﬂect
community/environment-speciﬁc responses or inconsisten-
cies in experimental approach. To investigate the potential
for identiﬁcation of more generic responses and greater ex-
perimentally reproducibility, we devised and implemented a
series (n = 8) of short-term (2–4 days) multi-level (≥4 con-
ditions) carbonate chemistry/nutrient manipulation experi-
ments on a range of natural microbial communities sam-
pled in Northwest European shelf seas. Carbonate chem-
istry manipulations and resulting biological responses were
found to be highly reproducible within individual experi-
ments and to a lesser extent between geographically sep-
arated experiments. Statistically robust reproducible phys-
iological responses of phytoplankton to increasing pCO2,
characterised by a suppression of net growth for small-sized
cells (<10µm), were observed in the majority of the ex-
periments, irrespective of natural or manipulated nutrient
status. Remaining between-experiment variability was po-
tentially linked to initial community structure and/or other
site-speciﬁc environmental factors. Analysis of carbon cy-
cling within the experiments revealed the expected increased
sensitivity of carbonate chemistry to biological processes at
higher pCO2 and hence lower buffer capacity. The results
thus emphasise how biogeochemical feedbacks may be al-
tered in the future ocean.
1 Introduction
Since the beginning of the industrial period, the oceans have
taken up around 25–33% of anthropogenic CO2 emissions
(Ciais et al., 2013). This additional carbon increases the dis-
solved inorganic carbon (CT) pool and causes changes in
carbonate chemistry including an increase in proton concen-
tration ([H+]) (lowering of pH) in surface waters, which is
widely termed “ocean acidiﬁcation” (Caldeira and Wickett,
2003; The Royal Society, 2005). Such changes in carbon-
ate chemistry have the potential to inﬂuence a range of bio-
logical processes (Riebesell and Tortell, 2011). For example,
drops in pH and carbonate saturation state (i.e. when  < 1)
may inﬂuence calciﬁcation (Orr et al., 2005), while photoau-
totrophicorganismsarealsopotentiallysensitivetoincreased
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availability of certain inorganic carbon species (Rost et al.,
2008; Raven et al., 2011).
Experimental studies investigating the potential impact
of ocean acidiﬁcation on natural phytoplankton communi-
ties have generated ambiguous results, often failing to es-
tablish generic responses for key organisms or groups, or
across communities. For example, primary production mea-
sured by 14C ﬁxation or the net production of particulate
organic carbon (POC) has variously been shown to be en-
hanced (Riebesell et al., 2007; Egge et al., 2009; Engel et al.,
2013; Silyakova et al., 2013; Eggers et al., 2014), decreased
(Riebesell et al., 2009; Zondervan, 2007; Yoshimura et al.,
2013), or not signiﬁcantly inﬂuenced (Tortell et al., 2002;
Delille et al., 2005; Yoshimura et al., 2013) following exper-
imental elevation of pCO2. Similarly, signiﬁcant responses
to elevated pCO2 have been described for varying groups,
including both large-celled diatoms (Feng et al., 2009; Eg-
gers et al., 2014) and pico-/nanoeukaryotes (Brussaard et al.,
2013). Observed variability in community-level responses
may subsequently be related to differences in experimental
design; the inﬂuence of other environmental factors; or dif-
ferential sensitivities amongst species, which may ultimately
lead to results being sensitive to the natural composition of
microbial communities (Eggers et al., 2014). For example,
with respect to CT uptake and utilisation by phytoplankton,
while the majority of taxa are able to regulate their carbon
acquisition through use of carbon concentrating mechanisms
(CCMs) (Raven and Johnston, 1991), both the efﬁciency, on
reliance on, of and reliance on CCMs likely differs widely
among species, between functional groups (Giordano et al.,
2005) and as a function of cell size (Wu et al., 2014).
All microbes regulate cellular acid-base balance in the
presenceofbothactivesolutetransportsacrosscellularmem-
branes and primary metabolisms (Raven, 1970; Smith and
Raven, 1979; Raven et al., 2011). For phytoplankton in par-
ticular, diel variations in the balance between photosynthesis
and respiration have the potential to drive large oscillations
in proximal cell surface [H+] ([H+]prox) and pCO2 (Flynn
et al., 2012) with subsequent cumulative inﬂuences on the
concentrations of carbonate chemistry species in bulk sea-
water, e.g. [H+]bulk. However, changes in both [H+]prox and
[H+]bulk are buffered by the carbonate system (Egleston et
al., 2010; Flynn et al., 2012). As the uptake of anthropogenic
carbon by the oceans continues into the future, the ability
for the carbonate system to resist changes in composition,
referred to as buffer capacity, will decline (Egleston et al.,
2010). Consequently, microbial processes will tend to drive
larger-magnitude diurnal through seasonal-scale variability
in both [H+]prox and [H+]bulk (Egleston et al., 2010; Flynn
et al., 2012). While all microbes might thus be expected to
experience larger ranges in the concentrations of carbonate
chemistry species, both relative and absolute changes should
vary with cell size, with larger cells having a bigger diffu-
sive boundary layer, expected to experience greater variabil-
ity under both natural and altered conditions (Milligan, 2012;
Flynn et al., 2012).
The majority of studies aimed at evaluating the effect of
ocean acidiﬁcation on phytoplankton has been performed on
individual species (Gattuso and Hansson, 2011), based on
single clones isolated from the ﬁeld many years or decades
earlier. Observed physiological responses in such experi-
ments may not be fully representative of populations or natu-
ral communities, as a range of complex biological and envi-
ronmental interactions may be absent (Riebesell and Tortell,
2011). Moreover, cell lines kept in culture may not even
have retained the physiological characteristics of the orig-
inal clones (Joint et al., 2011). Natural community pertur-
bation experiments have the potential to provide a greater
environmental relevance through investigation of the entire
(microbial) ecosystem structure and function in an environ-
ment better approximating natural conditions (Tortell et al.,
2002; Delille et al., 2005; Engel et al., 2005; Hare et al.,
2007; Feng et al., 2009; Hopkinson et al., 2010; Lomas et al.,
2012; Losh et al., 2012). However, interpreting the results of
such ﬁeld experiments can be complicated by the multiple
biogeochemical feedbacks and food web interactions, which
characterise responses to perturbation in any complex natu-
ral community (Rose et al., 2009; Krause et al., 2012; Brus-
saard et al., 2013). Furthermore, whilst laboratory experi-
mentsprovidetheopportunityforahighdegreeofreplication
and thus considerable statistical power, ﬁeld approaches may
have limited scope for replication, with geographical scales
often reduced to one unique location (Table 1).
Timescale is also a concern in the interpretation of all
ocean acidiﬁcation research. The temporal scales applied in
all ﬁeld experiments to date (Table 1) are many orders of
magnitude smaller than those which will characterise the
ocean acidiﬁcation process driven by slow uptake of an-
thropogenic CO2 over many decades. The ocean acidiﬁca-
tion timescale will be comparable to many thousands of mi-
crobial generations, suggesting that evolutionary processes
are highly likely to have an inﬂuence on system-level re-
sponses (Collins and Bell, 2006; Lohbeck et al., 2012; Jin
et al., 2013; Reusch and Boyd, 2013). Indeed, culture studies
performed to date over longer timescales indicate the poten-
tial inﬂuence of evolutionary adaptation to increased pCO2
over modest (<1.5yr) periods (Lohbeck et al., 2012; Jin et
al., 2013). Consequently, although experimentation on nat-
ural communities can potentially account for compositional
changes, which are highly likely due to both interspeciﬁc and
intraspeciﬁc variations in the plasticity of response (Schaum
et al., 2013), they will struggle to account for adaptation oc-
curring through decades of evolutionary processes.
The available experimental techniques for studying ocean
acidiﬁcation could thus all be considered imperfect (Haven-
hand et al., 2010) and extrapolation of results needs to be
performed with great caution. Identiﬁcation and mechanis-
tic understanding of the ecophysiological sensitivities of dif-
fering microbial groups to changes in carbonate chemistry
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Table 1. Environmental relevance versus experimental power. For each approach, an example of the study involving the longest incubation
period is listed.
Approach Experimental
subjects
Time-
scale
Modiﬁcation of
initial conditions
Number of
generations
Geographic
scale
Processes Replicates References
Lab – culture Monospecies
1–6 genotypes
470d
∼1yr
Aquil media
f/2 media
682
500
–
–
Adaptation
Acclimation/
adaptation
3
5
Jin et al. (2013)
Lohbeck et al. (2012)
In situ Communities
(microcosm)
30d 200µm ﬁltered,
0.2µm seawater
dilution
≈ 7−40∗ 1 site Acclimation 3 Hoppe et al. (2013)
Communities
(mesocosm)
30d Nutrient
addition
3–15 1 site Acclimation 1 Schulz et al. (2013)
Communities
(bioassay)
4d in situ condition 1–2∗∗ 8 sites Acclimation 3–9 this study
Ecosystems
(observations)
>10yr – >2000 Global Acclimation/
adaptation
Notes: ∗ Spies et al. (1987); ∗∗ calculated on the basis of maximum observed net growth rates and hence likely lower bound for actual number of generations.
Table 2. Starting conditions in the bioassay experiments. Data for salinity and temperature (Temp.) were determined in situ using the CTD.
Average (± standard deviation) values are given when available. The total depth of the water column at the sampling sites is indicated after
sampling depth in square brackets.
Exp. Lat. Long. CT AT Temp. Salinity Depth NO−
3 PO3−
4 dSi Chl a
(◦ N) (◦ W/E) (µmolkg−1) (µmolkg−1) (◦C) (m) (µmolL−1) (µmolL−1) (µmolL−1) (µgL−1)
1 56.79 −7.42 2091.8 (0.9) 2310.9 (2.3) 11.27 34.80 6 [180] 1.06 (0.1) 0.09 (0.0) 2.07 (0.2) 3.22 (0.0)
2 52.47 −5.90 2094.6 (0.9) 2322.2 (2.4) 11.77 34.44 5 [70] 0.28 (0.0) 0.14 (0.0) 0.45 (0.0) 3.51 (0.1)
2b 46.50 −7.22 2085.8 2345.6 15.02 35.67 5 [4600] 0.94 (0.1) 0.07 (0.0) 1.15 (0.0) 0.55 (0.0)
3 46.20 −7.22 2083.8 (0.6) 2347.1 (3.6) 15.31 35.77 10 [200] 0.56 (0.0) 0.06 (0.0) 0.61 (0.0) 0.77 (0.0)
4 53.00 2.5 2085.5 (1.6) 2295.6 (0.4) 14.57 34.05 5 [30] 0.87 (0.1) 0.12 (0.0) 0.8 (0.0) 1.32 (0.0)
4b 57.77 4.5 2053.2 2291.8 13.09 34.80 7 [87] 0.3 0.0 0.3 0.48 (0.0)
5 56.50 3.66 2084.6 (1.5) 2310.8 (3.2) 13.86 34.99 12 [70] 0.26 (0.2) 0.05 (0.0) 0.07 (0.0) 0.25 (0.2)
5b 59.68 4.12 1997.2 2214.1 13.30 30.50 4 [270] 0.26 (0.0) 0.0 0.0 0.8 (0.0)
is thus crucial. In the current study we prioritised experi-
mental replication and hence greater geographical and envi-
ronmental coverage of the responses of natural upper-ocean
microbial communities to carbonate chemistry manipulation.
Speciﬁcally, we designed and implemented a series of ship-
board experiments focusing on the short-timescale responses
of multiple variables to imposed discrete changes in pCO2
and other associated carbonate chemistry species.
The impact of experimentally imposed shifts in carbonate
chemistry on phytoplankton processes and subsequent car-
bon cycling, including inorganic uptake and organic matter
release, was investigated in Northwest European shelf seas
within a series of experiments performed at ﬁve pCO2levels,
alongside three additional experiments where both macronu-
trients and carbonate chemistry were simultaneously manip-
ulated.Withinthecurrentmanuscript,wedescribetheoverall
implementation of the experiments with reference to current
advice on best practice in ocean acidiﬁcation research (Barry
et al., 2010; Havenhand et al., 2010; LaRoche et al., 2010)
and present some ﬁrst-order biogeochemical responses.
2 Methods
2.1 Bioassay setup
Shipboard incubation experiments were conducted on-
board the RRS Discovery as part of cruise D366
(6 June–10 July 2011). Experimental locations are indicated
in Fig. 1 and presented in Table 2, alongside the initial en-
vironmental conditions for each of the eight bioassay exper-
iments performed: ﬁve multi-pCO2-level manipulation ex-
periments (E1–E5, hereafter termed main experiments) and
three combined carbonate chemistry/macronutrient manipu-
lation experiments (E2b, E4b and E5b, hereafter termed ad-
ditional experiments). On the day of the experimental setup,
vertical proﬁles of temperature, salinity, oxygen, ﬂuores-
cence, turbidity and irradiance were obtained in order to
choose and characterise the depth of experimental water col-
lection within the water column structure. Vertical proﬁles of
temperature and chlorophyll ﬂuorescence from the main ex-
periments are presented in Fig. 2. Experiments were set up
and run in three principal stages as detailed below.
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Table 3. Biological and chemical variables measured in each of the main bioassay experiments (Richier et al., 2014).
Category Parameter measured References
Carbonate chemistry CT (µmolkg−1) Dickson et al. (2007)
AT (µmolkg−1) Dickson et al. (2007)
pH (total scale) Rerolle et al. (2012)
Nutrient concentrations NO−
3 (µmolL−1) Kirkwood (1996)
dSi (µmolL−1) Kirkwood (1996)
PO3−
4 (µmolL−1) Kirkwood (1996)
Standing stock Total Chl a (mgm−3) Welschmeyer (1994)
Composition > 10µm Chl a (mgm−3) Welschmeyer (1994)
Phytoplankton physiology Fv/Fm Moore et al. (2006)
sigma Moore et al. (2006)
τ Moore et al. (2006)
Biological processes Primary Production (mmol C m−3 d−1) Poulton et al. (2010, 2014)
Calcite production (µmol C m−3 d−1) Poulton et al. (2010, 2014)
> 10µm Primary production (mmol C m−3 d−1) Poulton et al. (2010, 2014)
Biogenic material Bsi (µmolSiL−1) Poulton et al. (2006)
PIC (µmolCL−1) Poulton et al. (2006)
Organic matters POP (µmolL−1) Raimbault et al. (1999)
POC (µmolL−1) Verardo et al. (1990)
PON (µmolL−1) Verardo et al. (1990)
DOC (µmolL−1) Spyres et al. (2000)
DON (µmolL−1) Badr et al. (2003)
Community structure Coccolithophores (cell mL−1) Poulton et al. (2010)
LNA bacteria (cell mL−1) Marie et al. (1997)
HNA bacteria (cell mL−1) Marie et al. (1997)
Total bacteria (cell mL−1) Marie et al. (1997)
Synechococcus (cell mL−1) Zubkov et al. (2007)
Heterotrophic nanoﬂagellates (cell mL−1) Zubkov et al. (2007)
Phototrophic nano- and picoplankton (cell mL−1) Zubkov et al. (2007)
Diatoms, ciliates, dinoﬂagellates (cell mL−1) Poulton et al. (2010)
Nitrogen cycle NH4 (nmolL−1) Clark et al. (2007, 2014)
NH4reg (nmolL−1 h−1) Clark et al. (2007, 2014)
NH4ox(nmolL−1 h−1) Clark et al. (2007, 2014)
N2O (nmolL−1) Rees et al. (2011)
Others TEP (µg. Xeq L−1) Passow and Alldredge (1995)
TN (µmol L−1) Hilton et al. (1986)
DMS (nmolL−1) Archer et al. (2013)
Total DMSP (nmolL−1) Archer et al. (2013)
Particulate DMSP (nmolL−1) Stefels et al. (2009)
CH4 (nmolL−1) Upstill-Goddard (1996)
2.1.1 Water collection and ﬁlling
Unﬁltered water from within the surface mixed layer (<20
m) containing the intact natural community was collected
from a dedicated CTD cast. Once on deck, the total seawa-
ter collected within the 24×20L CTD Rosette OTE (Ocean
Test Equipment) bottles (480L) was dispensed from ran-
domly assigned OTE bottles through silicon tubing amongst
72×4.5 L (E1–E5) or 24×1.25L (E2b, E4b and E5b) acid-
washed and Milli-Q rinsed clean clear polycarbonate bottles
(NalgeneTM) which were ﬁlled without headspace. Subsam-
ples were collected simultaneously for time-zero (T0) mea-
surements of each of the variables to be measured over the
subsequent time course (Table 3).
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Figure1.Locationsofthemain(E1–E5)(square)andtheadditional
(E2b, E4b and E5b) (triangle) bioassay experiments performed dur-
ing D366 cruise around NW European continental shelf seas.
2.1.2 Carbonate chemistry manipulation and
nutrient additions
Subsamples at time zero (T0), taken directly from the CTD,
were immediately measured for total alkalinity (AT) and dis-
solved inorganic carbon (Table 2) and hence characterisation
of the carbonate chemistry system in seawater. Dissolved
inorganic carbon was analysed with an Apollo SciTech CT
analyser (AS-C3), which uses a CO2 infrared detector (LI-
COR 7000). Total alkalinity was determined using a semi-
closed-cell titration (Dickson et al., 2007) within the Apollo
SciTech’s AS-ALK2 Alkalinity Titrator. For both CT and
AT the precision was 0.1% or better, with accuracy veriﬁed
using certiﬁed reference materials (A.G. Dickson, Scripps).
The remaining variables of the carbonate system were cal-
culated with the CO2SYS programme (version 1.05, Lewis
and Wallace, 1998; Pierrot et al., 2006), using the con-
stants of Mehrbach et al. (1973) reﬁtted by Dickson and
Millero (1987). Carbonate chemistryin the experimental bot-
tleswas subsequently manipulated usingequimolaradditions
ofstrongacid(HCl,1molL−1)andHCO−
3 (1molL−1).This
approach constitutes one of three methods allowing accu-
rate replication of ongoing and future changes in seawater
carbonate chemistry, namely an increase in CT at constant
AT (Gattuso et al., 2010). The volumes of HCl and HCO−
3
required to adjust pCO2 to the chosen target values (ambi-
ent, 550, 750 and 1000µatm) were calculated from the mea-
sured ambient state of the carbonate system in seawater using
CO2SYS. In order to validate the carbonate chemistry ma-
nipulation, four additional bottles were adjusted to the exper-
imental conditions and immediately subsampled and mea-
sured as manipulated T0 values.
Additional experiments were supplemented with low lev-
els of major macronutrients (nitrate (NO−
3 ), silicic acid
(dSi) and phosphate (PO−
3 )) under the ambient state of the
carbonate system or manipulated towards a target pCO2
of 750µatm. Four nutrient conditions were run in trip-
licate: (1) control, (2) 2µmolL−1 added NO−
3 and dSi,
(3) 0.2µmolL−1 added PO−
3 and 2µmolL−1 dSi and (4)
2µmolL−1 added NO−
3 and dSi and 0.2µmolL−1 added
PO−
3 (hereafter control, +N, +P, +NP), with four indepen-
dent bottles analysed for T0 values.
2.1.3 Incubation
Microbial communities were incubated in a purposely con-
verted commercial refrigeration container located on the aft
deck of the ship. Irradiance (100µmol photons m−2 s−1)
was provided by daylight simulation LED panels (Powerpax,
UK) over a 18–6h light–dark cycle approximating the ambi-
ent photoperiod. The integrated daily light dose in the exper-
iments (6.5molphotonsm−2 d−1) was chosen to be broadly
comparable to the estimated integrated light dose experi-
enced by the phytoplankton populations in situ within the
mixed layer, which ranged from 3 to 17mol photons m−2
d−1 (Poulton et al., 2014; this issue). Temperature was main-
tained at the in situ values (±<1 ◦C) at the time of water
collection (Table 2). For the ﬁve main experiments (E1–E5),
incubationslastedforatotalof4days(96h),includingatime
point after 2 days (48h), with separate incubation bottles be-
ing sacriﬁced at every sampling point. The additional exper-
iments including inorganic nutrient addition (E2b, E4b and
E5b) were run under the same temperature and light regime
for a shorter incubation period of 48h with a single sampling
point at the end.
2.2 Measured variables
In order to provide the volume of water required for the mea-
surement of the whole suite of sampled variables in the main
experiments (Table 3), it was necessary to incubate a total of
18 bottles for each of the four conditions tested (ambient,
550, 750 and 1000µatm), half of which were sacriﬁcially
sampled at each of the two sampling points (48 and 96h).
For each time point and treatment, the replicate set of nine
bottles were further split into three sets of triplicate bottles
hereafter referred to as “Group A, B and C”. A range of vari-
ables with low volume requirements (total chlorophyll a (Chl
a), macronutrients, carbonate chemistry variables and com-
munity structure as measured by ﬂow cytometry) were sam-
pled across all three sets (i.e. nine replicates), providing a
check on reproducibility between the groups of triplicates,
and a further measure of biological reproducibility within
the whole experimental process. The rest of the variables,
requiring larger volume, were only sampled out of one set of
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triplicate bottles. Methods for variables explicitly discussed
herein are brieﬂy described below. References for other
methods are provided in Table 3. Due to the limited seawa-
ter volume available within the additional experiments, fewer
variables were measured in triplicates, speciﬁcally, carbon-
ate chemistry (CT and AT), macronutrients, total and size-
fractionatedChla,photosyntheticefﬁciency(Fv/Fm,FRRf),
DMS/DMSP (dimethyl sulﬁde/dimethylsulfoniopropionate;
Hopkins et al., 2014), primary production, calcite produc-
tion (CP) and coccolithophore cell counts (see Poulton et al.,
2014; Young et al., 2014; this issue).
2.3 Particulate organic carbon (POC)
Aliquots of 750mL of seawater were ﬁltered onto 25 mm
glass ﬁbre ﬁlters (Fisher MF 300), pre-combusted at 400 ◦C
and oven-dried at 60 ◦C for 8–12h. Inorganic carbonates
were removed from the ﬁlters by acidiﬁcation with sul-
phurous acid [6% w/v] under vacuum for 24–48h (Ver-
ardo et al., 1990). The ﬁlters were then re-dried at 60 ◦C for
24h, packaged in pre-combusted aluminium foil (Hilton et
al., 1986) and analysed on a Thermo Finnigan ﬂash EA1112
elemental analyser using acetanilide as the calibration stan-
dard.
2.4 Nutrients
Samples for macronutrients (nitrate (NO−
3 ), silicic acid (dSi)
and phosphate (PO−
3 )) were collected directly from each of
the incubation bottles into a 25mL polystyrene container and
stored at 4 ◦C pending analysis within 12h. The samples
were run on a Skalar San+Segmented Flow Autoanalyzer
using colorimetric techniques (Kirkwood, 1996) with the ex-
ceptionthattheﬂowrateofthesamplethroughthephosphate
channel was increased to improve reproducibility and peak
shape.
2.5 Total and size-fractionated Chl a and net growth
Aliquots of 100mL were sampled from incubation bottles
and ﬁltered onto 25mm GF/F ﬁlters (Whatman, 0.7µm
nominal pore size) or 10µm pore size polycarbonate ﬁl-
ters (Whatman) (to yield a total and >10µm size frac-
tion, respectively and therefore by difference a <10µm
size fraction). Filters were extracted into 6mL 90% high-
performance liquid chromatography (HPLC)-grade acetone
overnight at 4 ◦C in the dark and ﬂuorescence was then
measured using a ﬂuorometer (Turner Designs Trilogy)
(Welschmeyer, 1994). Final Chl a concentrations were cal-
ibrated against dilutions of a solution of pure Chl a (Sigma,
UK) in 90% acetone with instrument drift further corrected
by daily measurement of a solid ﬂuorescence standard. Net
growth rates were estimated from changes in Chl a as:
µ =(ln(C1)–ln(C0))1t−1 where C0 and C1 are the total
Chl a concentrations at the beginning and after 48h incuba-
tion period, respectively and 1t is the duration of incubation
in days (Table 1).
2.6 Variable chlorophyll ﬂuorescence (Fv /Fm)
The photosynthetic physiology of natural communities was
measured using a FastTrackaTM Mk II Fast Repetition Rate
ﬂuorometer (FRRf) integrated with a FastActTM Laboratory
system (Chelsea Technologies Group LTD, West Molesey,
Surrey, UK). All samples were dark acclimated for 30min
and FRRf measurements were corrected for the blank effect
using carefully prepared 0.2µm ﬁltrates for all experiments
and time points (Cullen and Davis, 2003). Fv/Fm was taken
as an estimate of the apparent photosystem II photochemical
quantum efﬁciency (Kolber et al., 1998).
2.7 Primary production
Daily rates (dawn–dawn, 24h) of total primary produc-
tion (PP) and >10µm primary production were determined
following Poulton et al. (2014) (see also Poulton et al.,
2010). Water samples (70mL volume, three lights) from
the incubations were spiked with 15–40µCi (total PP) or
3–8µCi (>10µm PP) of 14C-labelled sodium bicarbonate,
and incubated for a further 24h. Incubations were termi-
nated by ﬁltration through 25 mm 0.45µm (total) or 25mm
10µm (>10µm) polycarbonate ﬁlters (NucleporeTM, US).
Organic carbon ﬁxation was determined using the Micro-
Diffusion Technique (MDT) (Poulton et al., 2010, 2014).
2.8 Community composition
Phytoplankton community composition was assessed by a
combination of ﬂow cytometry (Synechococcus, picoeukary-
otes, nanoeukaryotes and heterotrophic nanoﬂagellates) and
inverted light microscopy (microplankton: diatoms, ciliates
and dinoﬂagellates) on water samples collected at the time
of experimental water collection. Flow cytometry followed
Zubkov et al. (2007) on paraformaldehyde ﬁxed (0.1% ﬁnal
concentration) and SYBR Green stained water samples using
a Partec CyFlow Space ﬂow cytometer (Partec UK). Cells
were identiﬁed based on their light-scattering properties, red
ﬂuorescence and phycoerythrin ﬂuorescence. Inverted light
microscopy followed Poulton et al. (2010) on preserved wa-
ter samples (2% ﬁnal concentration of acidic Lugol’s solu-
tion) stored in 250mL amber glass bottles and enumerated
in 50mL Hydro-Bios setting chambers on a SP-95-I inverted
microscope.
2.9 Statistical treatment and data archiving
Statistically signiﬁcant treatment effects as a function of ma-
nipulated carbonate chemistry (target pCO2) were evalu-
ated independently for each individual time point within all
the individual main experiments using a one-way ANOVA
(analysis of variance) followed by a Tukey-Kramer means
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Figure 2. Vertical proﬁles of (a) temperature (◦C), (b) chlorophyll ﬂuorescence (µgL−1) and (c) nitrate (µmolL−1) illustrating oceano-
graphic setting of each of the ﬁve main bioassay experiments at the time of the setup. Temperature and ﬂuorescence data were obtained from
the CTD, and nitrate concentrations from discrete measurements of water column samples. Each colour/symbol corresponds to a bioassay:
E1 (green, circles), E2 (red, squares), E3 (dark blue, triangles), E4 (light blue, crosses) and E5 (purple, diamonds).
comparison test. For the combined carbonate-chemistry–
nutrient-manipulation experiments a two-way ANOVA was
used to test for any signiﬁcant inﬂuence of nutrient, target
pCO2 or an interaction term between these two manipulated
factors. Individual treatments were thus tested for signiﬁcant
differences both with control bottles (ambient pCO2 and nu-
trients) and all other treatments independently for all exper-
iments. All data included in the paper are available from the
British Oceanographic Data Centre (BODC) (Richier et al.,
2014).
3 Results
3.1 Oceanographic setting
The ﬁve main bioassay experiments were set up and run
along the cruise track at different geographical locations
(Fig. 1) characterised by distinct environmental conditions
(Table 2). The vertical proﬁles of temperature, chlorophyll
ﬂuorescence and nitrate illustrate the water column charac-
teristics for each of the main experiments at the time of their
setup (Fig. 2). Water column conditions ranged from strati-
ﬁed (E1, E3 and E5) to fully mixed (E2 and E4). The ﬁrst
experiment (E1) was characterised by high initial concentra-
tions of nitrate (>1µM) and Chl a (>3µgL−1), while the
ﬁnal (E5) was nutrient depleted (NO−
3 <0.2 µM) with
low Chl a (<0.5µgL−1). The water column characteris-
tics at E2 suggested a recent phytoplankton (diatom) bloom
with high Chl a and depleted nutrients. Finally, E3 and E4
were set up in warmer waters and show similar initial en-
vironmental conditions with intermediate nitrate concentra-
tions (between 0.5 and 1µM). Initial phytoplankton commu-
nity compositions, as determinedby microscopy andﬂow cy-
tometry were different between experiments (Table 4). Most
phytoplankton communities were dominated by small cells
(>58% <10µm Chl a), with E2 being the exception (20%
<10µm Chl a).
The additional experiments were all set up in locations
(Fig. 1) characterised by stratiﬁed water columns (results not
shown), low surface Chl a (<0.8µgL−1) and intermediate
(E2b) to low (E4b and E5b) nutrients (Table 2). Results ob-
tained from size-fractionated Chl a suggest that the commu-
nities in the additional experiments were dominated by small
cells<10µm.
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Table 4. Initial plankton community composition for each of the main experiments. Average (± standard deviation) values are given when
available.
Bioassay < 10µm Chl a Plankton > 10µm Plankton < 10µm
Diatoms Dinoﬂagellates Ciliates Cryptophytes Phototrophic nano- Synechococcus
and picoplankton
[%] [Cells mL−1]
E01 na 0.9 (0.2) 61.5 (23.8) 30.4 (47.2) 175.6 (264.9) n/a n/a
E02 20 44.3 (7.8) 39.7 (4.8) 1.2 (1.21) 5.0 (4.5) 1388 (85) 4407 (1407)
E03 58 3.2 (1.4) 57.2 (70.5) 6.3 (6.9) 2.6 (2.8) 2953 (518) 26771 (1067)
E04 81 2.2 (0.5) 41.1 (21.4) 1.6 (2.1) 38.3 (20.6) 6688 (3847) 54660 (34139)
E05 77 2.5 (0.2) 20.9 (12.4) 7.3 (3.3) 6.7 (8.0) 6276 (4799) 149844 (8083)
3.2 Carbonate chemistry shift and buffer capacity
The accuracy and precision of the carbonate chemistry ma-
nipulations is illustrated in Fig. 3. The achieved pCO2 level
was well matched to the target value at T0 across all ﬁve ex-
periments (Fig. 3a). Decreases in pCO2 were subsequently
observed at the 48 and 96h time points (Fig. 3b and c), which
could largely be attributed to biological processes. However,
differences in pCO2 between target and measured initial val-
ues were more pronounced in the higher-pCO2 treatments,
likely reﬂecting the lower buffer capacity of the carbonate
system at higher pCO2 (see below). As expected, total al-
kalinity remained stable across treatments and throughout
the incubation period in the majority of experiments, except
in E1, where an unexpected and unexplained difference in
AT values was observed between initial sampling (T0) and
all subsequent time points (Fig. 3d). Consequently we do
not consider the detailed carbon cycling within E1 further
and treat all results from this experiment with caution. Simi-
lar reproducibility and evolution of carbonate chemistry was
obtained throughout the 48h incubation period in the addi-
tional combined pCO2–nutrient manipulation experiments
(see Poulton et al., 2014).
3.3 Experiment reproducibility
Standard deviations from the biological triplicates differed
between the variables sampled, but were typically <10%
of mean values. Moreover, the biological and chemical
variables measured across the three parallel sets of tripli-
cate bottles (groups A, B and C) were highly comparable
(Fig. 4). Speciﬁcally, carbonate system parameters, which re-
sponded to both the imposed environmental forcing and sub-
sequent biological responses and feedbacks, were highly re-
producible (Fig. 4a and b) except for data related to AT for
E1, which was more widely spread. In addition to observed
consistent absolute magnitudes, observed changes over time
in nitrate and total Chl a, representing indices of bulk biolog-
ical response both to the general enclosure of the community
and the different imposed treatments, were also highly repro-
ducible across all experiments (Fig. 4).
3.4 Carbon cycling and biological processes
Taken across all the experiments and irrespective of the
target pCO2 treatment, net production or remineralisation
of POC (1POC) was strongly correlated with net changes
in CT(1CT) (r = 0.62, p < 0.0001, n = 32), in a manner,
which was largely consistent with the former being the dom-
inant driver of the latter (Fig. 5b, see also Fig. 6a). In con-
trast, calculated changes in pCO2 and H+ (1pCO2 and
1H+) as a function of 1POC were much more pronounced
under higher-pCO2 conditions (Fig. 6b and c). Variability
in 1pCO2 and 1H+ as a function of 1POC thus progres-
sively increased with higher target pCO2 (Fig. 6), as would
be expected following the reduction in buffer capacity which
would result from the initial manipulation of the carbonate
chemistry system (Egleston et al., 2010). As previously in-
dicated, variations in AT observed through the experimental
durations were less pronounced (Fig. 5).
3.5 Net autotrophic production and nutrient dynamics
The impact of carbonate chemistry manipulation on biogeo-
chemical processes was assessed through observations of
both biological (Chl a,Fv/Fm, organic matter production
and community structure) and chemical variables (CT, AT
and macronutrient concentrations). The overall nature and
time course of responses varied substantially between indi-
vidual experiments (Figs. 7 and 8). For example, net declines
in Chl a from initially high values were observed in E1 and
E2, potentially indicating sampling within declining natural
blooms. In contrast, net production was observed within at
least some treatments for experiments E3–E5 (e.g. POC in
Fig. 7 and <10µm Chl a in Fig. 8), which were initiated in
warmer pico- and nanoplankton-dominated waters (Table 4).
Despite considerable variability in overall dynamics, some
underlying consistent responses of the natural phytoplank-
ton communities to increasing pCO2 were observed across
many of the experiments (Figs. 7 and 8). Within E3–E5,
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Figure 3 
 
Figure 3. Carbonate chemistry evolution in the main bioassays through the incubation period. Plots illustrate targeted versus measured pCO2
(µatm) at (a) T0, (b) 48h and (c) 96h and difference in AT between initial and subsequent time points (1AT) (d) in all the ﬁve main bioassay
experiments. Open symbols (a) indicate initial conditions, with grey (b and d) and black (c and d) symbols indicating 48h and 96h time
points respectively. Symbol shapes indicate experiment E1 (circles), E2 (squares), E3 (diamonds), E4 (left pointing triangles) and E5 (right
pointing triangles). Black lines in (a), (b) and (c) indicate the 1 : 1 line. Plotted values are means ±1 SE of biological triplicates.
increases in net phytoplankton (Chl a) biomass accumula-
tion were observed over the ﬁrst 48h in the total and <10µm
Chl a fractions under ambient conditions (Figs. 7 and 8) and
were frequently associated with increased whole commu-
nity macronutrient (nitrate) consumption (Fig. 7). However,
within these experiments net production progressively re-
duced with increasing pCO2, ultimately resulting in a switch
to net loss of phytoplankton biomass (<10µm Chl a) and
organic matter (POC) over 48h in the 750 and 1000µatm
pCO2 treatments in some cases (Figs. 7 and 8). Despite over-
all decreases in total Chl a, slightly larger declines within the
high-pCO2 treatments over the ﬁrst 48h were also apparent
in E1 (Fig. 7). Within E2, despite a lack of differences in
total Chl a between treatments (Fig. 7), some indication of
a similar sensitivity of the smaller size fraction (Fig. 8) and
pico-/nanoeukaryote numbers (Fig. 7) was also apparent. In
contrast, the larger size fractions (>10µm Chl a) generally
displayed less differential sensitivity to the imposed pCO2
manipulation (Fig. 8). Although in three experiments (E2,
E3 and E4) a signiﬁcant increase of the >10µm Chl a un-
der the two highest pCO2 conditions could be observed by
96h (Fig. 8), indicating an overall shift in community struc-
ture from small (<10µm) to larger (>10µm) cell organisms
under increased pCO2.
Consequently, despite overall differences in initial
biomass, the relative response of the total and <10µm Chl a
fractions and pico- and nanoeukaryote numbers to increasing
pCO2 within E3–E5 was remarkably consistent (Figs. 7 and
8), displaying progressively larger relative responses as the
difference between the initial condition and the manipulated
state increased. For these three experiments, this progressive
response could be best illustrated by considering the rela-
tive differences in the various autotrophic biomass indica-
tors (Chl a and pico- and nanoeukaryote numbers) between
treatments as a function of the size of the imposed pertur-
bation as indicated, for example, by the difference in [H+]
concentration between the measurement point and the ini-
tial condition (1H+) (Fig. 9). Statistically signiﬁcant treat-
ment effects (ANOVA, Tukey-Kramer, p < 0.05), dominated
by the responses of the <10µm fraction (Fig. 9b and d),
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Figure 4. Comparison of variables measured across the three parallel sets of triplicate bottles (grps. A, B and C) for all main experiments:
pCO2 (µatm) (a), AT (µmolkg−1) (b), change in nitrate concentration from initial condition (µmolL−1) and (c) change in Chl a from
initial condition (µgL−1) (d). Plotted values are means ±1 SE of triplicate bottles in all cases. Colour indicates target pCO2 treatment (blue:
ambient; cyan: 550µatm; green: 750µatm; red: 1000µatm), with symbol shape indicating the following comparisons between groups: A vs.
B (circles), A vs. C (squares) and B vs. C (diamonds).
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Figure 5. Scatter plots of differences between initial condition and time point samples (1) for the main experiments excluding E1 (i.e.
E2–E5). 1CT (µmolkg−1) is plotted against 1AT (µmolkg−1) with calculated changes in pCO2 (1pCO2) (µatm) and measured changes
in POC (1POC) (µmolL−1) indicated by colours in the left and right panel, respectively. Symbol shapes indicate experiments as in Fig. 3.
Plotted values are means ±1 SE. Black lines in (b) correspond to the predicted inﬂuence of production and remineralisation of organic
material and calcite.
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Figure 6. Scatter plots of differences in carbonate chemistry parameters against differences in POC across all time points for the main
experiments excluding E1 (i.e. E2-E5): 1CT (µmol kg−1) (a), 1H+(nmolL−1) (b) and 1pCO2 (µatm) (c) are presented as a function
of 1POC (µmolL−1). Symbol colours indicate target pCO2 treatment as in Fig. 4. Symbol shapes indicate the experiment number as in
Fig. 3: E2 (squares), E3 (diamonds), E4 (left pointing triangles) and E5 (right pointing triangles) with plotted values being means ±1SE
of biological triplicates. Solid lines indicate model II linear regressions for the lowest (ambient: blue) and highest (1000µatm: red) pCO2
treatments. All regressions are signiﬁcant (p <0.05) with signiﬁcant differences in slopes between the treatments presented in (b) and (c).
Regression lines for intermediate pCO2 treatments are omitted for clarity.
Figure 7. Time series measurements of nitrate (µmolL−1), total Chl a (µgL−1), particulate organic carbon (POC) (µmolL−1), photosyn-
thetic efﬁciency (Fv/Fm, FRRf) and pico- and nanoeukaryote counts (cell×1000mL−1) from the main experiments (E1–E5). Plotted values
are means ±1SE, for biological triplicates. Where error bars are not visible, these are smaller than the symbol size. Note differences in scales
for chlorophyll and cell count measurements. Observation of any statistically signiﬁcant differences between treatments (one-way ANOVA,
p <0.05) for each variable and time point are indicated by “*”. The detailed results of subsequent Tukey-Kramer means comparison tests
are omitted for clarity.
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Figure 8. Time series measurements of size-fractionated Chl a (<10µm and >10µm) (µgL−1) from main experiments (E2–E5). At each
time point, statistical differences between treatments were evaluated using one-way ANOVA followed by a Tukey-Kramer means comparison
test. Sets of measurements where at least one treatment was statistically different (p <0.05) are indicated by “*”, while sets where there is
a clear progressive response as a function of treatment (i.e. where at least three groups could be distinguished between the four incubation
conditions and where the effect consistently increased/decreased as a function of pCO2/pH) are indicated by “**”.
could be observed even under the lowest manipulation level
(550µatm), while no effect was observed for larger cells
(Fig. 9c). Consideration of responses against the magnitude
of the imposed chemical perturbation further allowed com-
parison with the approximate ranges of cell surface [H+]prox
likely encountered by cells over short timescales (i.e. hour,
days) under modern and 750µatm pCO2 conditions (Flynn
et al., 2012) (Fig. 9b and c). Thus, while perturbations were
far in excess of likely [H+]prox variability for the smaller size
fractions (Fig. 9b), they were potentially comparable to those
naturally encountered by the largest microbial size fractions.
By the end of the experimental time courses, whole com-
munity uptake had frequently fully removed ambient ni-
trate, likely resulting in subsequent secondary biological re-
sponses to nutrient depletion (Fig. 7). In many cases these
apparent secondary responses cascaded through the sys-
tem at different times across different treatments, reﬂect-
ing any initial inﬂuence of the pCO2 manipulation on the
net biomass uptake and nutrient drawdown (Fig. 7); i.e. re-
duced growth/biomass accumulation with elevated pCO2
frequently resulted in slower macronutrient depletion. This
nutrient starvation feedback effect was perhaps most evident
within E4 (Fig. 7), where the depletion of nitrate at different
times within the different treatments was always accompa-
nied by a reduction in the apparent photochemical efﬁciency
of photosystem II (Fv/Fm), as frequently accompanies nu-
trient starvation (Suggett et al., 2009), alongside a subse-
quent cessation in net biomass accumulation (Figs. 7 and 8).
Overall, the presence of secondary feedback effects, despite
the short duration of our experimental protocol, clearly illus-
trates the potential difﬁculties in differentiating direct from
indirect effects over progressively increasing timescales in
ocean acidiﬁcation experiments. For example, treatment ef-
fects observable at 48h had often collapsed (E3), or even re-
versed in sense (E4), by 96h (Figs. 7 and 8), likely reﬂect-
ing the dominance of nutrient depletion in the majority of
the main experiments by that stage. Such potentially con-
founding inﬂuence of nutrient exhaustion will likely occur
in any natural system and frequently necessitates additional
system perturbation via nutrient amendment in longer-term
experiments (Riebesell et al., 2013; Brussaard et al., 2013).
However, for the current study, reproducible responses, char-
acterised by a reduction of net growth by the smaller phy-
toplankton size fractions, were observed within experiments
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Figure 9.Relative changes in total(a),<10µm(b)and>10µm(c)size-fractionated Chl a and nano-/picoeukaryotes counts (d)as a function
the change in [H+] after 48h incubation in three (E3–E5) out of the ﬁve main bioassay experiments. Data for each variable are normalised
to the mean value for this time point and plotted against the difference in [H+]bulk between the ambient incubation and the treatment. Values
plotted are mean ±1 SE for both axes. Solid bars in (b) and (c) indicate approximate ranges of cell surface ([H+]prox) which might be
experienced by small and large cells over short timescales, i.e. hours–days (see Kuhn and Raven 2008; Flynn et al., 2012), under ambient
modern conditions (blue) and at ∼750µatm (green) (Flynn et al., 2012). Colours indicate treatment conditions as in Fig. 7.
having both relatively high (e.g. E4) and low (e.g. E5) start-
ing macronutrient concentrations (Table 2).
Evidence for phytoplankton nutrient (co-)limitation under
ambient conditions was apparent in two of the three com-
bined nutrient addition–carbonate chemistry manipulation
experiments (Fig. 10). Speciﬁcally, within both the experi-
ments initiated in relatively low ambient nutrient (<0.3µM
NO−
3 ) waters (E4b and E5b), the addition of NO−
3 , either
alone (+N) or in combination with PO−
3 (+NP), resulted in
increased productivity and phytoplankton biomass (Fig. 10).
In contrast, there was no apparent nutrient response within
E2b, which was initiated in waters containing relatively high
ambient macronutrients (Table 2). Importantly, although ad-
dition of potentially (co-)limiting macronutrients (+N or
+NP) increased community biomass and productivity in
two of the experiments, overall productivity and total and
<10µm Chl a concentrations fraction were signiﬁcantly al-
tered by manipulation of the carbonate chemistry system.
These signiﬁcant responses were observed under both am-
bient and experimentally induced high-nutrient conditions
across all these additional factorial experiments (Fig. 10). In
contrast, despite also responding to nutrient amendment in
E4b and E5b, the larger phytoplankton were once again less
sensitive to pCO2, with reduced (E2b) or insigniﬁcant (E4b
and E5b) pCO2 treatment effects observed for the >10µm
Chl a concentration (Fig. 10). Overall the results of the addi-
tional combined nutrient-carbonate chemistry manipulation
experiments (Fig. 10) were thus consistent with the results
from the main experiments, particularly E3–E5 (Figs. 7 and
8).
4 Discussion
4.1 Performance of experimental method
The approach adopted here differed in a number of re-
spects from many previous ﬁeld-based experimental stud-
ies examining the potential effects of ocean acidiﬁcation on
phytoplankton ecophysiological processes and subsequent
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Figure 10. Primary production (µmolCL−1 d−1) (top), <10µm size-fractionated Chl a (middle) and >10µm size-fractionated Chl a
(µgL−1) (bottom) from the additional combined macronutrient and carbonate chemistry manipulation experiments (E2b, E4b and E5b).
Data are presented as means ±1SE of biological triplicates for each variable after 24h incubation under ambient or 750µatm pCO2 (colours
as in Fig. 7) and under either unamended or nutrient-amended (+N, +P and +NP) conditions. Individual panels are annotated with the
results of a two-way ANOVA, with “pCO2”, “Nut” and “Inter” indicating signiﬁcant (p <0.05) differences between factors corresponding
to the imposed perturbation of the carbonate system, macronutrients and an interaction between these factors respectively.
biogeochemical cycling. In contrast to many studies (e.g.
Hare et al., 2007; Feng et al., 2009; Lomas et al., 2012;
Riebesell et al., 2013), with the exception of the additional
experiments (Fig. 10), we largely investigated natural com-
munities without the supplementary addition of nutrients.
The resulting necessary restriction on experimental duration
was thus traded off against the incubations being performed
at realistic natural nutrient levels. The restricted experimen-
tal durations also allowed more experiments to be performed
over the period of the cruise, facilitating a better consider-
ation of the so-called “sampling universe” (Ridgwell et al.,
2009). Consequently, we could assess the responses of in-
tact microbial communities sampled from eight geographi-
cal locations, representing a signiﬁcant increase on even the
most extensive prior studies (e.g. Hopkinson et al., 2010),
further allowing us to assess the generality of any observed
responses. The enhanced spatio-temporal scale, coupled to
high statistical power, allowed rigorous assessment of within
and between experiment reproducibility for multiple vari-
ables. The high reproducibility of within experiment obser-
vations indicated robust and repeatable biogeochemical re-
sponses both to the overall containment of the natural com-
munity and to the carbonate chemistry manipulations per-
formed (Figs. 3 and 4). Moreover, the large suite of variables
measured (up to 39, Table 3, Richier et al., 2014), provides
the potential to investigate primary and secondary responses
of complex natural microbial communities and resultant ef-
fects on biogeochemical cycling.
4.2 Well-constrained carbon cycling
In the majority of cases (i.e. excluding E1), the adopted car-
bonate chemistry manipulation allowed us to successfully in-
crease total CT without changes in AT, as is predicted to oc-
cur as a result of ongoing ocean acidiﬁcation (e.g. Orr et al.,
2005). Small AT variations observed in the experiments over
thetimecourse(Fig.5)werepotentiallyattributabletonitrate
uptake or carbonate mineral precipitation/dissolution (Cross
et al., 2013). Speciﬁc to calcite, coccolithophores were a con-
sistent, although relatively minor, component of phytoplank-
ton communities collected through the experiments (Young
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et al., 2014), with CP signiﬁcantly increasing in response to
nutrient addition under ambient pCO2 only (Poulton et al.,
2014). Irrespective of the treatments applied to the diverse
microbial communities, changes in CT(1CT) were strongly
correlated to the net production or remineralisation of POC
(Fig. 6). Remaining deviation between CT drawdown and
POC accumulation could potentially be the result of a re-
lease of dissolved organic carbon (DOC) and/or formation
of transparent exopolymer particles (TEP) as suggested in
previous studies (Antia et al., 1963; Sambrotto et al., 1993;
Riebesell et al., 2007). Within the current experiments, no
signiﬁcant treatment-dependent changes in total DOC ac-
cumulation could be observed, although TEP did vary as a
function of experimental treatment within some experiments
(MacGilchrist et al., 2014).
4.3 Size-related physiological responses
Signiﬁcant responses of phytoplankton to changes in car-
bonate chemistry were observed in all the eight experiments
performed (Figs. 7, 8 and 10), although the magnitude of
treatment effects was considerably reduced in E1 and E2
(Fig. 7). For the three main experiments where the commu-
nity was dominated by <10µm cells (E3–E5), bulk commu-
nity variables (Figs. 7 and 8) demonstrated a clear sensitivity
to rapid changes in [H+] and pCO2(1[H+] and 1pCO2),
with a relative decrease in net biomass accumulation which
scaled with increasing manipulation away from the ambient
condition (Fig. 9). In addition, size-fractionated responses
within all the strongly responding experiments conﬁrmed
thatthesmallsizefraction(<10µmChla)wasboththemost
sensitive to the imposed carbonate chemistry perturbation
and was largely responsible for the observed bulk responses
(Figs. 7–10). In contrast, experiments initiated within com-
munities rich in large-celled taxa (E1 and E2) displayed
weakerresponses.Asinpreviousstudies(Eggersetal.,2014;
Yoshimura et al., 2013), initial community composition may
therefore have inﬂuenced the nature and magnitude of the
observed responses to elevated pCO2.
The observed short-term negative responses to increased
pCO2 for the smaller size classes (Figs. 8 and 9) contrasted
with previous observations of enhanced biomass for smaller
size classes over longer timescales in a previous mixed com-
munity experiment (Brussaard et al. 2013). Other ﬁeld evi-
dence has also suggested enhanced positive responses to en-
hanced pCO2 for larger cells, in particular diatoms (Feng et
al., 2009; Yoshimura et al., 2013; Eggers et al., 2014). The
mechanistic basis for the latter cases potentially relates to
diffusionlimitation ofCO2 uptakeand henceanenhanced re-
liance on CCMs which can be down-regulated under higher
pCO2 (Wu et al. 2014).
Within mixed communities, even over short timescales,
complex ecosystem interactions may inﬂuence the results
of any manipulation experiment. For example, within E4
(Figs. 7 and 8), an apparent positive response of the larger
>10µm fraction to increasing pCO2 could be observed by
48h (Fig. 8). However it remains unclear whether this rep-
resented a direct sensitivity to increasing pCO2, as might
be expected (Wu et al., 2014), or potentially an ecologi-
cal effect resulting from reduced competition due to the ob-
served more immediate negative responses for the <10µm
fraction (Fig. 8). The potential for such complexity within
natural community experiments, combined with evidence of
differences in both the degree of overall sensitivity and ex-
tent of differential sensitivity between phytoplankton groups
(Brussaard et al., 2013; Eggers et al., 2014; Yoshimura et al.,
2013), further emphasises the importance of developing con-
ceptualmechanisticmodelsforanyobservedphenomenolog-
ical responses to carbonate chemistry manipulation.
It is not possible to unequivocally relate the responses,
which were observed consistently across the majority of ex-
periments to a speciﬁc physiological mechanism. However,
we suggest that an enhanced sensitivity of small-celled phy-
toplankton to the imposed rapid shifts in carbonate chem-
istry would be consistent with cell-size-speciﬁc differences
inlevelsofadaptationtonaturallyexperiencedﬂuctuationsin
carbonate chemistry species within the environment (Flynn
et al., 2012). Speciﬁcally, the variability in [H+]prox (or in-
deed other related carbonate chemistry variables such as
pCO
prox
2 or CO
2−prox
3 ) experienced by phytoplankton should
scale with phytoplankton cell size (Flynn et al., 2012), with
smaller-celledtaxaexpectedtoencounterrelativelyrestricted
1[H+]prox compared to larger cells or aggregates, due to a
reduced diffusive boundary layer (Flynn et al., 2012). Subse-
quently, variability in [H+]prox might impact cell physiology
in a number of ways, for example, inﬂuencing nutrient trans-
port and internal pH regulation (Milligan, 2012).
Consequently, consistent with our observations (Fig. 9),
wesuggestthatsmaller-celledtaxamightbeexpectedtohave
a higher sensitivity to our experimentally induced perturba-
tions of [H+]bulk (and hence [H+]prox), which were likely
outside the naturally experienced range of [H+]prox. Imposed
changes in [H+]bulk /[H+]prox could thus result in short-
term detrimental effects on cellular processes and hence ul-
timately overall growth. In contrast, larger cells will natu-
rally experience, and thus presumably be better adapted to,
rapid changes in [H+]prox (Flynn et al., 2012). Hence we
might expect larger-celled phytoplankton to be more capa-
ble of dealing with an imposed rapid experimental manipu-
lationof[H+]bulk withoutthishavingamajordirectinﬂuence
on cellular processes, again consistent with our observations
(Figs. 8 and 9). Indeed, we note that modelled natural diel
ranges of variability in [H+]prox for the largest size classes
(Flynn et al., 2012), although only indicative of extremes,
are reasonably comparable in magnitude to our experimen-
tally imposed 1[H+]bulk (Fig. 9).
In addition to the initially imposed 1[H+]bulk, as expected
(Delille et al., 2005; Riebesell et al., 2007; Egleston et al.,
2010; Hopkins et al., 2010), the buffer capacity decreased as
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a function of increasing pCO2 (Fig. 6). Decreased buffer-
ing would then result in increased diel and longer-term
1[H+]prox (and 1pCO
prox
2 ) as well as 1[H+]bulk (and
1pCObulk
2 ) (Flynn et al., 2012) potentially further disadvan-
taginganytaxawithoutahighpre-existingadaptationtosuch
variability in the higher-pCO2 treatments. Overall, we thus
argue that our results are consistent with the suggestion of
Flynn et al. (2012) that size-dependent differential suscepti-
bility to changes in [H+] might need to be considered in the
design of experiments to investigate ocean acidiﬁcation, in-
terpretation of the results of such experiments and potentially
in prediction of community structure responses to ongoing
and future anthropogenic forcing (Milligan, 2012).
4.4 Biogeochemical feedbacks in the future ocean
Surface ocean carbonate chemistry is naturally subjected to
considerable variability driven by multiple factors, including
net photosynthesis and respiration from microbial activity
(Joint et al., 2011; Patsch and Lorkowski, 2013). Simultane-
ously, multiple lines of research into the potential inﬂuence
of ocean acidiﬁcation on marine systems, including the ev-
idence presented here, have revealed the potential for varia-
tions in different components of the carbonate chemistry sys-
tem (e.g. pCO2 level, carbonate ion and H+ concentrations)
to inﬂuence the biological activity of marine microbes (Liu
et al., 2010; Riebesell and Tortell, 2011). Consequently, the
biogeochemical dynamics of natural oceanic systems might
be expected to be inﬂuenced by reciprocal interactions be-
tween carbonate chemistry and microbial activity.
Accurate prediction of the overall microbial responses to
altered carbonate chemistry in a future ocean are still ham-
pered by the lack of clearly identiﬁable consistent physio-
logical responses across multiple experimental studies and
scales (Hofmann et al., 2010; Riebesell and Tortell, 2011;
Wernberg et al., 2012). In contrast, as oceanic anthropogenic
carbon uptake continues into the future, resulting changes in
bulk carbonate chemistry, alongside the range of variability
in the carbonate chemistry system which will result from any
given biological process (Fig. 6), are reasonably well under-
stood and predictable (Egleston et al., 2010). Thus, in ad-
dition to any direct microbial/biogeochemical responses to
altered bulk values of carbonate chemistry parameters, the
nature of any natural carbonate biogeochemical feedbacks
might be expected to be altered into the future. Consequently,
in addition to evaluating overall sensitivities of microbes to
the state of the carbonate system (Joint et al., 2011) and as-
sessing the potential of individual microbial strains and com-
munities to adapt to ongoing change (Doney et al., 2009),
future studies should perhaps pay more attention to identify-
ing the signiﬁcance of any existing natural feedbacks.
Recognition of such potential feedbacks also serves to fur-
ther highlight that, as within any experimental study (Doney
et al., 2009), extrapolation of the presented data to ongo-
ing anthropogenic ocean acidiﬁcation needs to be undertaken
with care. The short-timescale sensitivities to rapid carbonate
chemistry manipulation we observed would not be expected
to be directly translatable to the many orders of magnitude
slower forcing that natural phytoplankton communities will
encounter asa result of oceanacidiﬁcation (Table1) (Collins,
2011). Phytoplankton are characterised by differential plas-
ticity to environmental forcing, likely including changes in
[H+] and pCO2 (Schaum et al., 2013), alongside genera-
tion times which are short enough to potentially allow a de-
gree of evolutionary adaptation to the slow anthropogenic
build-up of CO2 (Collins and Bell, 2006; Lohbeck et al.,
2012; Reusch and Boyd, 2013). Consequently, any cell-size-
speciﬁc sensitivity to variability in [H+] (or other carbonate
species),assuggestedbymodels(Flynnetal.,2012)andsup-
ported by our experiments (Figs. 8–10), might be expected
to represent a further mechanism by which ocean acidiﬁca-
tioncoulddriveslowchangesinphytoplanktoncommunities,
through some combination of ecological and/or evolutionary
processes (Milligan, 2012; Schaum et al., 2013).
5 Conclusions
Within the current study we observed phytoplankton re-
sponses to deliberate rapid changes in carbonate chemistry,
using an experimental setup offering high replication and
hence the potential for robust statistical analysis and repro-
ducibility (Krause et al., 2012). Our study design thus fa-
cilitated sampling across a reasonably large, albeit still rela-
tively constrained, geographical scale and range of environ-
mental conditions. Despite variability in the phytoplankton
responses across the different sites, a consistent trend was
observed in the majority of experiments, which appeared to
be driven by the suppressed activity of small phytoplanktonic
cells following rapid H+ (and/or pCO2 changes). The ob-
served responses were largely independent of initial or per-
turbed nutrient concentrations. Rapid increases in pCO2 thus
had a short-term negative inﬂuence on net phytoplankton
production, which was progressive and reproducible, albeit
with some degree of inter-experiment variability. Such in-
creased sensitivity of small-celled phytoplankton groups to
short-term increases in pCO2 is consistent with some theo-
retical considerations (Flynn et al., 2012). Variability in re-
sponses between experiments may then be speculated to re-
late to differences in initial community composition and/or
size structure or potentially other environmental factors, in-
cluding the initial state of the carbonate chemistry system
and hence buffering capacity.
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